Abstract: Large-eddy simulations (LES) of the flow over a non-uniformly roughened channel bed are carried out to study the effect of non-uniform bed roughness on turbulence driven secondary currents and turbulence statistics. The channel bed is comprised of alternating rough and smooth strips, the width of which corresponds to the water depth. The Reynolds number based on hydraulic radius and bulk velocity is 34,000. The LES are successfully validated using experimental data. The secondary flow and bed roughness have a significant effect on the streamwise velocity and second order turbulence statistics. Turbulence is enhanced over rough strips and suppressed over smooth strips. Significant lateral momentum transfer takes place due to both advection and turbulence. The bed shear stresses over the smooth strips are approximately four times less than over the rough strips a result of near bed low momentum fluid being transported from the rough strips to the smooth strips and high momentum fluid being convected from the surface towards the bed. The most significant terms in the streamwise momentum equation are quantified and discussed with regard to momentum transfer.
Introduction
Secondary currents are considered an important aspect in river engineering because they affect the primary mean flow field, the spanwise variation of bed shear stresses (and consequently the bed and banks erosion), the transport of bed-load and suspended sediments as well as the conveyance and mixing of dissolved matters. In straight open channel flow, secondary currents are a result of turbulence anisotropy (Prandtl's second kind [1] ). Near the water surface, secondary currents transport low momentum fluid from the side walls towards the center of the channel, where high-momentum fluid is suppressed below the free-surface. This triggers a downflow of near surface fluid towards the bed, which results in the velocity dip observed in natural channels (a good summary of early work on this topic is found in Nezu and Nakagawa's 1993 textbook [2] ). The distribution of wall shear stresses along the wetted perimeter in an open-channel is affected by these secondary currents, resulting in local bed shear maxima wherever there is downflow of high momentum fluid and in local bed shear minima wherever there is upward movement (Figure 1 ). The non-uniform distribution of the wall shear stress in the transverse direction of open channels is important in explaining the longitudinal striping of sediments that has been observed in channels and rivers by Vanoni [3] , Culbertson [4] , Karcz [5] , Colombini [6] , and others. On the basis of field observations, Nezu and Nakagawa [7] inferred multi-cellular secondary currents and associated sand ribbons. With Laser Doppler Anemometry (LDA) and an ultrasonic bedform instrument, Nezu et al. [8] and Onitsuka and Nezu [9] found that the organized fluid motions and the associated sediment transport occurred intermittently on a movable plane sand bed and, after the sand ridges were formed, the secondary-current cells appeared stable in the entire channel cross section. Such secondary currents are also generated on beds with smooth and rough striping [10] [11] [12] [13] [14] . Gyr and Kinzelbach [15] argue that secondary currents lead to the demixing of sediments in a channel, by transporting fine material laterally towards the smooth strips while maintaining the rough strips through bed amouring. This feedback process further stabilizes the smooth-rough-strip patterns. Most of the numerical work to date focused on the calculation of secondary currents in closed channels. The first calculation of secondary flow in straight ducts was carried out by Launder and Ying [16] , who derived a method that is based on approximating the Reynolds stresses with algebraic expressions by simplifying the corresponding transport equations proposed by Hanjalic and Launder [17] . This model has subsequently been employed, sometimes with modifications, in numerous studies (e.g., [18, 19] ) to calculate secondary flows in ducts. Recently, new explicit algebraic stress models (EASM) have become popular as an alternative to full Reynolds Stress Models (RSM) to reduce the computational effort [20, 21] . A few Direct Numerical Simulation (DNS) studies of flow in ducts exist (e.g., [22, 23] ). The direct computation of all quantities and the high resolution in space and time allowed these researchers to gain insight into the details of the flow and to investigate the details of the Reynolds stress budgets. Among large-eddy simulations of the flow in square ducts some were performed at similar Reynolds numbers to the DNSs described above (e.g., [24] ) and others at much higher Reynolds numbers [25] . A detailed study of flows in narrow ducts with a free surface is provided by Broglia et al. [26] . They investigated the mean flow field and a variety of turbulence statistics and highlighted the complex structure of the flow near the corners formed by the free surface and the side wall. Broglia et al. [26] were able to explain the existence and origination of secondary motions in the context of stress balance equations. Shi et al. [27] performed an LES in a smooth rectangular channel at a Reynolds number of approximately 90,000 and showed that LES allows very accurate predictions of turbulence statistics and boundary shear stress distributions are feasible. Some recent works show the potential of LES to describe the secondary flow patterns and turbulence statistics of curved open-channels (e.g., [28] [29] [30] ). However, flow in bends exhibits different mechanics as the centripetal force contributes to the generation of spanwise motion (Prandtl's first kind [1] ) together with the aforementioned turbulence anisotropy.
Though recent progress has been made to understand turbulence-driven secondary currents in rivers, there are still many knowledge gaps that have to be addressed [31] . In this paper results of an LES of open-channel flow over non-uniformly distributed roughness are reported. LES resolves the energetic, large-scale motion of the flow [32] , thus allows to simulate directly flow features created by turbulence, such as the turbulence driven secondary currents to be observed herein. The objectives of this study are to provide a detailed description of turbulence statistics of the flow over a non-uniformly roughened bed, shed light on the generation and virtue of secondary currents and the effect of non-uniform roughness on the bed shear stress, quantify the apparent stress and analyze the streamwise momentum balance. The study intends to further the present level of understanding of the interdependence of secondary currents, turbulence production and anisotrphy, and the distribution of shear stresses momentum in open channel flows.
Numerical Framework
The large-eddy simulation code (Hydro3D) used in this study is based on a finite volume discretization on a Cartesian grid with collocated variable arrangement [33] and has been validated thoroughly for many different flows [34] [35] [36] [37] [38] [39] [40] [41] . The Hydro3D code solves the filtered Navier-Stokes equations for incompressible fluid flow (e.g., [42] ): of the flow information available from the smallest resolved scales. A double filtering procedure leads to a closed expression, commonly referred to as Germano's identity, relating the smallest resolved stresses to the largest unresolved stresses at the two different filter levels. This additional information is then used to determine the model parameter Cs through local averaging. The filtered equations are integrated over finite control volumes and convective and diffusive fluxes are computed using central differences, which ensure second-order accuracy in space. An explicit three-step Runge-Kutta scheme is used to integrate the equations in time providing third-order accuracy.
Boundary Conditions and Setup
The computational setup of the LES is selected in analogy to the laboratory experiments of Wang and Chen [1] , the data of which are used to validate the LES results. The channel cross-section is divided into alternating rough and smooth strips of width λ, which equals the water depth, h. The channel width to depth ratio is B/h = 8.0 ( Figure 2 ). The roughness in the rough strips is composed of uniform gravel and the relative submergence of the roughness is h/dm = 31, with dm being the mean grain diameter. The Reynolds number based on the hydraulic radius (hr) and the bulk velocity u (bulk) is Re = 34,000. The flow is driven by a pressure gradient dp/dx that unambiguously provides the global shear velocity * u from τ r dp dx h = ⋅ and * τ / ρ u = , with τ being the global shear stress. The computational domain of the simulation spans 16 h in streamwise, 8 h in spanwise and h in the vertical directions, respectively. The streamwise extent is chosen to be big enough to include all relevant turbulence structures, which is verified by performing two-point correlations of the streamwise velocity fluctuation over the smooth strips. This justifies the use of periodic boundary conditions to be applied in the streamwise direction mimicking a fully developed turbulent channel flow. The free surface is set as a frictionless rigid lid and is treated as a plane of symmetry. This treatment is reasonably accurate considering the low Froude number (Fr ≈ 0.35) of the simulation; it is generally accepted that for open channel flows with Froude numbers below approximately 0.5, deformations at the free surface can be considered to be negligibly small and the free surface pressure can be considered to be hydrostatic [45] [46] [47] . On the smooth strips and the smooth side wall the no-slip condition is applied. The roughness closure model needed to simulate the flow over the roughness employs the method proposed and validated by Stoesser [48] . The bed roughness is incorporated by using a forcing term that is added to the right-hand side of the normalized momentum equations. For the U-equation this force reads in time-discrete form:
in which C = discrete convection term; D = discrete diffusion term; P = resolved pressure divided by the density; U n = resolved velocity in streamwise direction in the previous time step; and Ut = target velocity. Two computational grids were used and only the results of the fine grid simulation are presented and discussed. The fine grid consists of approximately 41 million grid points. The grid is uniform in the horizontal plane using 600, 576 cells in the x and z directions, respectively. The grid spacing in wall units is Δx Figure 3 shows the computational grid in a cross-section (for clarity only every third grid line is plotted). The simulation was initially run for a period of 80 eddy turn-over times, (te = h/u*) to develop the flow and was then continued for another 260 te to acquire first and second order statistics. 
Results and Discussion

Time-Averaged Flow
The validation of the LES method employed herein is carried out first by comparing different quantities between the experiment of Wang and Chen [1, 2] and the large-eddy simulation. Figure 4 shows measured (a) and calculated (b) secondary currents in a part of the cross-section. The LES predicts accurately the pair of secondary vortices that forms as a result of channel geometry and non-uniform roughness in the cross section. The downward movement of fluid over the rough strips and the upward movement over the smooth strips is matched quite accurately. Some deviations are found in the location of the vortex core and the size of the vortices. The measured vortex core is at approximately y/h = 0.5, whereas the simulated core is at approximately y/h = 0.4. The measured vortices are almost symmetric whereas the LES predicted vortices differ slightly in size and shape. A possible reason for these slight discrepancies is the rather poor grid resolution in the wall normal direction at the channel side walls. A grid spacing of Δz + ≈ 32 is not considered sufficient to properly resolve the turbulent boundary layer in these regions; wall functions and/or increased near-wall resolution will therefore be implemented in the continuation of the study. However, the overall agreement is quite satisfying. Figure 5 presents measured (left part) and calculated (right part) contours of the time-averaged streamwise velocity. Overall the agreement is quite good: simulations and experiments describe quite accurately the location of the high streamwise momentum regions located above the rough strips. The primary flow is influenced strongly by the prevailing secondary currents: The downward movement of high-momentum fluid over the rough strips creates pockets of high streamwise velocity there and the well-known velocity dip. The flow bulges over the smooth strips, which is due to low-momentum near-bed fluid being transported away from the wall. The corner vortex pair causes the flow to bulge towards the corners by transporting high-momentum surface fluid towards the bed-sidewall corner. The differences in this figure and also the ones mentioned above are most likely a result of the modeling inherent in LES, such as the SGS model, the rigid lid assumption, the treatment of roughness or the periodic boundary conditions. This validation of the LES method allows further detailed analysis. The flow is symmetric about z/h = 0.0, so for better visibility from now on only the left hand side is shown. Five secondary vortices form in each half of the channel, the shapes of which differ quite significantly from one another. The vortex that is located closest to the centerline rotates clockwise and spans one water depth in both spanwise and wall-normal directions. At the smooth sidewall a corner vortex pair forms with a counter-clockwise rotating vortex near the bed and a clockwise rotating vortex near the free-surface. This vortex pair is not symmetric about the corner-bisector, due to the difference in roughness between the lower (bed-sidewall) and upper (sidewall-free surface) corners. The remaining two vortices have also opposite directions of rotation and differ in size and intensity. The measurements seem to suffer from insufficient averaging time, however, overall the match is reasonable. The simulation seems to underpredict the positive values of the shear stress found at the free surface in the middle of the channel, which might be a result of the artificial slip boundary condition used in the LES. There is a considerable area of positive shear stress in the side-wall-free-surface-corner, which is predicted correctly by the LES, a result of negative gradients of the streamwise velocity, or the fact that streamwise momentum is transported away from the free surface during inward motion (i.e., u' < 0 and w' < 0), respectively. Near the bed the shear stress is considerably higher above the rough strips than over the smooth strips. The magnitudes of the normalized shear stress over the rough (z/h = 0.0) and smooth strips (z/h = −1.0) in comparison with the theoretical straight line for two-dimensional flows is provided in Figure 7a . The peak of the shear stress over the rough strip is more than 50% greater than the squared mean shear velocity, whilst the shear stress over the smooth strips is suppressed to approximately half of the squared shear velocity. This has two reasons, the first, most obvious one, is that shear stresses are generally higher over rough walls than over smooth walls. The second reason is a result of the prevailing secondary flow. The transport of high momentum towards the bed over the rough strips leads to steeper streamwise velocity gradients there and hence to enhanced shear. The opposite occurs over the smooth strips, where low momentum fluid is convected away from the wall, thereby reducing streamwise velocity gradients. The streamwise and wall-normal turbulence intensity profiles are presented in Figure 8b . They also show that over the rough strip significantly higher values are observed than over the smooth strip. Over the smooth strip the streamwise turbulence intensity profile features a distinct peak (with u'/u* = 2.2) near the bed. Over the rough strip the peak intensity is about 25% higher (with u'/u* = 2.6) than over the smooth strip and there is considerable streamwise turbulence until approximately 30% of the water depth (i.e., y/h = 0.3). Interestingly, further away from the bed (i.e., y/h > 0.3) the streamwise turbulence over the smooth strips is slightly higher than over the rough strips. A similar trend is found for the wall normal turbulence intensities. Figure 9a presents contours of the normalized kinetic energy in the left half of the domain, providing a better view of the spatial distribution of turbulence in the cross section. There are pockets of high turbulent kinetic energy over the rough bed, a result of bed roughness but also of the steeper velocity gradients. Turbulence levels, in terms of kinetic energy, over the rough bed are about 70% higher than over the smooth strips and approximately 50% higher than adjacent to the smooth side walls. On the other hand the turbulent kinetic energy decreases much quicker over the rough strips than over the smooth strips, which is owed to the fact that over the smooth strips the wall-normal velocity gradients (i.e., dU/dy) remain throughout the water depth and that the wall-normal Reynolds stress attains non-zero values only very close to the water surface (see Figures 3 and 7) . On the other hand over the rough strips dU/dy and ' 'v u are negligibly small already at approximately half the water depth and dU/dy even becomes negative close to the water surface. Contours of the dominant turbulence production
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are plotted in Figure 9b and visualize the statements made above quite well.
Clearly, turbulence production occurs mainly over the rough strips, and P12 is relatively small close to the smooth wall. The region of very large P12 values (i.e., P12 larger than about 0.07) extends for between 4 and 6 grid points in the vertical direction above the rough strips, which corresponds to a distance of approximately 16 to 24 wall units. Figure 10b , are of comparable magnitude to the primary shear stress and maximum values are observed near the side wall and in the cores of the secondary circulation vortices. This suggests that streamwise momentum transfer in the spanwise direction is quite significant. High values of ' ' w u are also present at the free surface and near the smooth wall, where W is zero and |V| attains local maxima, indicating streamwise momentum transfer in the spanwise direction by both turbulence and convection. Another interesting feature of the spanwise shear stress is that 0 / ' ' < ∂ dz w u for upflow, i.e., V > 0, and 0 / ' ' > ∂ dz w u for downflow, i.e., V < 0 (which also applies to flow in smooth bed channels, [4] ) and that in areas of dominant or plain up-and downflow 0 ' ' ≈ w u . Figure 10c presents cross-plane, or secondary, shear stresses. ' ' w v reaches local maxima of approximately 10% of the squared shear velocity, which is quite considerable, and are not only found in the channel corners but also at the interface of rough and smooth strips. Significant levels of the secondary shear stress, ' ' w v , and the spanwise shear stress, ' ' w u , are a result of the prevailing secondary currents and, away from the side wall, exhibit a high level of symmetry with respect to the center of the strips (e.g., z/h = 0, z/h = −1.0, z/h = −2.0). This clearly supports the hypothesis that the interplay between secondary currents and cross-stream sediment demixing, i.e., rough-smooth strip formation process as described in [15] , leads to a stabilization of such longitudinal bedforms. The origin of secondary currents was first explained in 1926, when Prandtl [1] suggested that the secondary motion in non-circular ducts was caused by turbulence. He was the first to distinguish between secondary currents that are caused by vortex stretching (first kind) and secondary currents that are generated by the anisotropy of turbulence (second kind). The streamwise vorticity equation is used to describe the origin of secondary currents and can be obtained by eliminating the pressure term in the streamwise component of the momentum equation [49] . For a steady, incompressible, uniform turbulent flow in a straight channel this equation has the exact form [4] :
is the streamwise vorticity. Term A represents the convection of streamwise vorticity by the mean flow and D represents the viscous diffusion of Ω. Terms B and C are generation terms of streamwise vorticity and both involve turbulent Reynolds stresses. The origin of secondary currents has been argued about amongst researchers [4, 50, 51] , however, Broglia et al. [26] suggest that in open channels the turbulence anisotropy of the normal stresses (i.e., '
) term dominates the secondary shear stress term in the free surface corner in particular. Figure 11 presents the distribution of normalized turbulence anisotropy in one half of the domain and supports previous findings which suggest that the secondary currents have their origin in the channel corners, where both '
have local maxima or minima, respectively. The normal stress anisotropy is an order of magnitude greater than the shear stress, and in the corner regions it is of opposite sign. This indicates significant contribution of
to streamwise vorticity generation. Substantial gradients of ' ' ' ' v v w w − are also found above the rough strips and near the bed at the interface of rough and smooth strips, suggesting that this kind of bedform enhances the generation of secondary currents. In summary, the above discussions showed that secondary currents and the arrangement of non-uniform bed roughness, chosen here, form a closely interrelated system which appears to form stable smooth-rough-strip patterns. 
Bed Shear Stress and Apparent Shear Stress
The presence of secondary currents markedly affects the distribution of the wall shear stress along the wetted perimeter of the channel [52, 53] : Bed shear stresses are magnified in regions of downflow and are reduced in regions of upflow. The presence of non-uniform bed roughness enhances this pattern, due to the fact that downflow occurs over rough strips where the bed shear stress is naturally greater. Figure 12a presents the spanwise distribution of the normalized bed shear stress, τb/ * , in the center section of the channel (i.e., −1 ≤ z/h ≤ 1). The bed-shear stress over the rough bed is obtained from the vertical distribution of ' 'v u , while the bed shear stress over the smooth strips is accurately calculated from the velocity gradient at the first grid point off the wall. Additionally plotted are experimental data of Studerus [13] . Simulation and experimental data agree quite well, though the bed roughness and experimental conditions are not exactly the same. However, the ratio of bedform width to water depth, λ/h, is the same, i.e., λ/h = 1.0, which seems to be the dominant parameter and another indicator of the aforementioned bedform stabilization process. The bed shear stress over the rough strips is about twice as big as the global shear stress, i.e., ρ * , and approximately four times greater than over the smooth strips. Bed shear stress non-uniformity, as a result of sediment demixing, leads to streamwise momentum loss near the rough bed, which has to be compensated for by lateral transport of streamwise momentum via convection and/or turbulence. The presence of secondary currents and non-zero spanwise shear stresses result in the so called apparent stress. The contributions of secondary currents and transverse shear stresses to the squared bulk shear velocity, 2 * u , can be analyzed with the Reynolds-and depth-averaged streamwise momentum equation, which, for a uniform flow in a straight channel, reads:
here the viscous stress contribution is neglected because it is very small except very close to the sidewalls. This equation expresses that the spanwise gradient of the depth integrated secondary current (SC) and Reynolds stress (RS) terms together with the bed shear stress sum to the integral shear velocity, however both  SC and  RS can have opposite signs, so that they may compensate each other. 
Momentum Balance
The transport of streamwise momentum can be analyzed with the Reynolds averaged form of the x-momentum equation, which, for a uniform flow in a straight channel, reads:
The two terms denoted SC represent the convective transport of streamwise momentum, term P is the pressure gradient that drives the flow, term RS is transport due to turbulent stresses and term V is transport due to viscous stresses. The latter is negligibly small except very close to the wall. While in a 2D flow, i.e., in the absence of secondary currents only P, V and RS1 are non-zero, terms SC1, SC2 and RS1 are non-zero in a 3D flow (in the presence of secondary currents). The contributions of the four major contributors (i.e., SC1, SC2, RS1, RS2) to the transport of streamwise momentum are provided in Figure 13 . The four components are normalized by P and are all plotted with their respective sign to make obvious which component compensates the other. The contour colors are selected such that small contributions are not visible. First of all, and for obvious reasons, very close to the bed and very close to the sidewall RS1 and RS2 dominate the momentum transfer in the flow. Secondly, the above-discussed importance of secondary currents for the transport of streamwise momentum is found in Figure 13 , i.e., removal of streamwise momentum over the smooth strips through upflow and addition of streamwise momentum towards the wall through downflow over rough strips ( Figure 13a) ; very small contributions of streamwise momentum through the spanwise shear stress except in the channel corners ( Figure 13b) ; the supression of turbulence away from the rough bed due to the downflow ( Figure 13c) ; and strong lateral gradients of the transverse shear stress in upflow regions over the smooth bed (Figure 13d ). Figure 13 also demonstrates which of the four components balances which, and where. For instance transport of streamwise momentum by the secondary currents is compensated by wall normal turbulent transport over the rough strips, while it is compensated by spanwise turbulent transport over the smooth walls. Significant differences are observed in the respective variations of SC1 and SC2: these result from the fact that the vertical gradient of streamwise velocity, dU/dy, is generally much larger than the spanwise gradient, dU/dz. It should be noted, however, that near the strip interface there are also strong gradients in the spanwise direction; these are very localized but produce magnitudes of SC2 that are similar to those of SC1. Figure 13 . The four dominating components of streamwise momentum transport.
Conclusions
Large-eddy simulations of flow in a rectangular channel with non-uniform bed roughness were performed. Setup and boundary conditions were chosen in analogy to a laboratory experiment to ensure code validation and confirmation of the LES' capability to accurately reproduce such flows. Good agreement between LES and experimental data was found and additional turbulence statistics were extracted from the LES, presented and discussed. The secondary flow together with the non-uniform roughness on the channel bed significantly affects the time-averaged streamwise flow and the second order turbulence statistics. Near the bed, turbulence is enhanced over rough strips and suppressed over smooth strips. The secondary flow and bed roughness affect the streamwise velocity and second order turbulence statistics considerably. Significant lateral momentum transfer takes place due to both advection and turbulence. The bed shear stresses over the smooth strips are approximately four times less than over the rough strips, a result of near bed low momentum fluid being transported from the rough strips to the smooth strips and high momentum fluid being convected from the surface towards the bed. The presence of secondary currents yields nonzero spanwise and cross-plane shear stresses that result in an apparent stress in the spanwise direction and affect the streamwise momentum balance greatly. The naturally high bed shear stress over rough beds is enhanced further by downflow of high-momentum fluid from the surface towards the bed. The generation terms in the streamwise vorticity equation, i.e., normal stress anisotropy and secondary shear stress, are quantified and it was confirmed that turbulence anisotropy gradients dominate over secondary shear stress gradients. Statistical evidence of the feedback process between the secondary flow and bed roughness formation was provided.
